What is the choroid plexus?
===========================

The choroid plexus (CP) is a set of ependymal-derived structures that regulate the composition of cerebrospinal fluid (CSF). Historically, the term "CP" (from Latin: chorion--delicate, plexus--knot) was defined by the vasculature; however, it now refers to multiple layers and cell types that form this organ (Strong, [@B6]; Netsky et al., [@B4]; Johanson, [@B3]; Redzic et al., [@B5]; Bill et al., [@B1]; Garcia-Lecea et al., [@B2]). The CP structure is conserved in vertebrate species, and consists of: a fenestrated vasculature core, an interstitial stromal layer, and a single layer of polarized cuboidal epithelia. Endothelial-derived and epithelial-derived basement membranes flank the stroma providing for a unique method of semipermeable filtration (Johanson et al., [@B7]). In most vertebrates there are four CP\'s: CPIII, CPIV, and two lateral CPs, inset within each ventricle. Due to differences in cortical development, teleosts have only two CPs, the diencephalic and myelencephalic CP (dCP and mCP) homologous with the midline CPs (CPIII and IV, respectively). For simplicity, we will primarily focus on comparisons between mCP and CPIV development.

Despite vital roles in development, physiology, and protection of the brain, the CP has remained outside of a sphere of interest for many mainstream neuroscientists. There are numerous reasons why this is the case including: reductionist approaches that refine work to a targeted neural tissue, a misconception that the CSF is only for metabolic support and waste removal, and a limited view of the pathologies that affect the CP. A renaissance in CP research has occurred over the past few years placing the CP as a critical modulator of the central nervous system elucidating roles during sleep, appetite, neural transmitter availability, and development of the brain (Zappaterra and Lehtinen, [@B8]). It has been implicated in over 30 multi-systemic disorders (Emerich et al., [@B9]; Lavezzi et al., [@B10]). Furthermore, it has presented itself as a potential target for pharmaceutical and cell-based treatments for Amblyopia, Stroke, Parkinson\'s disease, Huntington\'s disease, and Alzheimer\'s disease (Borlongan et al., [@B14],[@B15]; Emerich et al., [@B16]; Luo et al., [@B11]; Spatazza et al., [@B12]; Bolos et al., [@B13]). This clearly illustrates the need for a better understanding of the development and function of this vital organ.

A strong case can be made that the CP should be considered one of the circumventricular organs (Weindl and Joynt, [@B20]; Tsuneki, [@B19]; Ganong, [@B17]; Joly et al., [@B18]), as they have many similarities; for example, location at a periphery of the brain in close proximity to the ventricles, high levels of vascularization, functional roles in endocrine signaling, the production of proteins for secretion into the CSF, and the presence of fenestrated vessels (Molnar and Stolp; Richardson, this volume). However, the barrier function performed by the epithelia tight junctions of the CP has generated discussion as to its inclusion amongst circumventricular organs (Jeong et al., [@B21]; Umans and Taylor, [@B22]). Hence attempts to analyze the evolutionary and developmental origins of CP and some circumventricular organs such as subcommissural organ might shed light on this topic.

Comparative genomics early on demonstrated its importance for analysis of expression of imprinted genes in the developing CP (Overall et al., [@B23]), and genes critical for its development (Johansson et al., [@B24]). Recently, the detailed characterization of CP development in teleosts (Bill et al., [@B1]; Garcia-Lecea et al., [@B2]) and the significant progress in genome sequencing of model animals, including several fish (see, for example, Howe et al., [@B25]; Venkatesh et al., [@B26]) opened new horizons for advancement of comparative genomics of the CP on a much broader scale.

Development of CP in mammals
============================

In all vertebrates, the CPs develop in a posterior to anterior order with the CP of the IVth ventricle developing prior to more anterior CPs (Netsky et al., [@B4]; Knott et al., [@B27]; Garcia-Lecea et al., [@B2]). This is unlike many other developmental processes that progress from anterior to posterior, including, but not limited to, somitogenesis and neurodifferentiation (Korzh et al., [@B28]; Kimmel et al., [@B29]). It is tempting to link this sequence of events with other preceding neurodevelopmental events such as, closure of the neural tube in amphibians and mammals, which is a bidirectional process progressing both anteriorly and posteriorly from the hindbrain (Copp et al., [@B30]; Korzh, [@B31]).

The hindbrain roof plate epithelium has been considered to serve two major roles: the dorsal organizing center (Liem et al., [@B34]; Lee and Jessell, [@B33]; Lee et al., [@B32]; Millonig et al., [@B35]; Broom et al., [@B36]), and the source of the intermediate epithelium that transforms into cerebrospinal fluid-producing epithelium of the CPIV (Wilting and Christ, [@B38]; Thomas and Dziadek, [@B37]). As a dorsal organizing center, the hindbrain roof plate epithelium influences dorsal neuroectoderm, by secreting signaling molecules, such as BMPs and WNTs, to direct transcription in domains along the dorsal-ventral axis, specifically within the rhombic lip (Chizhikov and Millen, [@B39]; Currle et al., [@B40]). Reciprocal Notch signaling maintains the boundary between the hindbrain roof plate epithelium and the rhombic lip (Broom et al., [@B36]). Given that the cells of the CP epithelium and vascular are drawn to this location, it is tempting to hypothesize that the hindbrain roof plate epithelium secretes factors that recruit these cell types.

It is thought that in mammals the hindbrain roof plate epithelium is primarily derived from the dorsal most neural ectoderm of the lateral rhombic lips, and these cells differ at the molecular level along the anterior-posterior and dorsal-ventral axes (Awatramani et al., [@B41]; Chizhikov et al., [@B42]; Hunter and Dymecki, [@B43]). The hindbrain roof plate epithelium consists of three distinct fields (Figure [1](#F1){ref-type="fig"}). The two primary fields are the medial and lateral fields, and they are distinct in developmental timing and mitotic activity. The lateral field expresses several molecular markers that further separate it into the lateral-anterior and lateral-posterior fields (Hunter and Dymecki, [@B43]). It appears that the lateral fields are the primary contributor of cells to CPIV, which initially develops as an invagination of the hindbrain roof plate epithelium (Awatramani et al., [@B41]). CPIV will subsequently receive migratory cells directly from the rhombic lip (Hunter and Dymecki, [@B43]). The fate-mapping studies of these fields lead to a number of questions. What is the fate of the midline field of hindbrain roof plate epithelium, and what are its contributions to CPIV development? Are the midline and lateral fields the sole source of cells present in the CPIV differentiated epithelium? Does the hindbrain roof plate epithelium also contribute to the CPIV vasculature or stroma? Is there a roof plate at the hindbrain (myelencephalon) level adjacent to the CPIV (mCP)? What genes are involved in specification of the different cell lineages in the CPIV? Are there cell adhesion molecules present on the cellular surface of developing CPIV cells that restrict cell type mixing, or do they segregate by developmental turnover as previously determined for the lateral CP (Liddelow et al., [@B44])?

![**Schemata of formation of the choroid plexus of IV ventricle in zebrafish as revealed by analysis of different transgenics**. Above-- mn16Et, below -- Gateways. The cytosolic GFP, first detected the lateral clusters, could be detected in the prospective epithelial cells of mn16Et at 3 dpf, i.e., after these coalesced toward the midline. This mimics events of the CP morphogenesis as hypothesized in mammals. In contrast, in the Gateway transgenics, the GFP is rather prominent in the midline cluster prior to its coalescence, i.e. during a stage of *tela choroidea*. Abbreviations: E, epidermal cells of the prospective choroid plexus of IV ventricle; G, glial cells of the prospective choroid plexus of IV ventricle; M, midline cluster; RL, rhombic lips; URL, upper rhombic lips.](fnins-08-00363-g0001){#F1}

Can fish provide information relevant to CP development in mammals?
===================================================================

Given that all vertebrates, including fish have brain ventricles (Lowery and Sive, [@B45]), it is reasonable to expect that the molecular mechanisms underlying their formation were conserved during evolution, at least to some extent. For example, the Engrailed family of evolutionarily conserved transcriptional repressors plays an important role during formation of the midbrain-hindbrain boundary and adjacent tissues, the posterior midbrain and cerebellum. Engrailed loss-of-function mutations result in a reduction and/or loss of these structures, whereas gain-of-function mutations in Engrailed family members expressed at the dorsal midline cause misspecification of roof plate cells thus perturbing axonal navigation and interfering with the development of structures deriving from the dorsal neuroepithelium, such as the CP, epiphysis and subcommissural organ in fish, birds and rodents (Araki and Nakamura, [@B46]; Ristoratore et al., [@B47]; Louvi and Wassef, [@B48]). This suggests that the developmental program of the CP and some circumventricular organs is evolutionarily conserved opening a possibility to study these processes in the abundantly available and transparent embryos of fish (Figure [2](#F2){ref-type="fig"}). Indeed, the first *in vivo* studies of several enhancer-trap transgenic lines of zebrafish expressing cytosolic GFP (Table [1](#T1){ref-type="table"}) brought about significant progress in understanding the development of CP.

![**Schemata of location of anterior midline structures of the neural tube in zebrafish based on analysis of several enhancer-trap transgenics**. Abbreviations: dCP, choroid plexus of diencephalon; mCP, choroid plexus of myelencephalon; FO, flexural organ; FP, floor plate; mRP, metencephalon (midbrain) roof plate; PC, posterior commissure; SCO, subcommissural organ; MHB, midbrain hindbrain boundary.](fnins-08-00363-g0002){#F2}

###### 

**Zebrafish transgenic lines that label the choroid plexus**.

  **Transgenic line**      **Tissue**                                                                                                                                                                       **Genes linked**            **References**
  ------------------------ -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------- ----------------------------------------------------
  sqet33Et                 CP, dorsal interneurons, NCC, meninx                                                                                                                                             *zic3-zic6*                 Kondrychyn et al., [@B121]; Winata et al., [@B122]
  sqet3310Et               CP (epithelium), roof and floor plates, pigment and olfactory                                                                                                                                                Kondrychyn et al., [@B121]
  sqet33e20Et (Gateways)   CP (medial and lateral clusters, tela choroidea, epithelium and glia), roof plate, NCC, CVOs, lens, pronephros, olfactory                                                        *csrnp1b, sulf1, slc05A1*   Jiao et al., [@B62]; Kondrychyn et al., [@B121]
  sqKR19Et                 Expression pattern identical to that in SqET33-E20---CP (medial and lateral clusters, tela choroidea, epithelium and glia), roof plate, NCC, CVOs, lens, pronephros, olfactory   *sema3gb*                   Teh et al., [@B123]
  sqet33-mi84Et            CP (vasculature), general vasculature                                                                                                                                            *pard3*                     Kondrychyn et al., [@B121]
  sqgw18aEt                CP, roof plate, ear, eyes                                                                                                                                                        Not mapped                  Kondrychyn et al., [@B121]
  sqgw19cEt                CP, roof plate, ventral neurons of spinal cord                                                                                                                                   Not mapped                  Kondrychyn et al., [@B121]
  sqgw42aEt                CP (epithelium), roof plate, ventral neurons                                                                                                                                     *csrnp1b, sulf1, slc05A1*   Garcia-Lecea et al., [@B2]
  sqgw84bEt                CP, roof plate, pronephros, neurons                                                                                                                                              *slc22A13*                  Kondrychyn et al., [@B121]
  mn16Et                   Lateral and medial clusters, tela choroidea, epithelium.                                                                                                                         Not mapped                  Bill et al., [@B1]

The fate of the midline field and specification of CP lineages
==============================================================

As mentioned above, cell fate studies of CPIV in mice demonstrated a role of cells of the rhombic lips (lateral fields) in this process; however, the role of the hindbrain roof plate epithelium, in the absence of suitable markers, is not well-understood (Awatramani et al., [@B41]; Landsberg et al., [@B49]; Hunter and Dymecki, [@B43]). Interestingly, in zebrafish, a very similar developmental scenario can be proposed based upon observations of formation of the mCP. In the zebrafish transgenic line, mn16Et GFP expression is initially confined to the rhombic lips (lateral clusters), then spreads toward the midline. In time, only the midline cluster remains fluorescent (Bill et al., [@B1]). This could be interpreted in a manner similar to that in mice, i.e., that the lateral clusters of the rhombic lips are the only structures giving rise to the *tela choroidea*, the primordium of the CP.

Fortunately, zebrafish are amenable to large-scale genetic manipulation, thus additional *in vivo* markers for *tela choroidea* and CP were generated within our large-scale screen for enhancer-trap lines in zebrafish (Parinov et al., [@B50]; Kondrychyn et al., [@B51]). This provided the opportunity to study CP formation in real time. In particular, the transgenic line Gateways (sqet33e20Et) revealed formation of the dCP and mCP, each from several distinct cell groups, which is similar to that during formation of CPs in mice (Currle et al., [@B40]; Garcia-Lecea et al., [@B2]). The following phases of mCP formation were defined: (i) the *tela choroidea* forms from the neuroepithelial cells of the IVth ventricle roof, simultaneously the vasculature grows toward the final mCP location; (ii) some cells of the rhombic lips join the *tela choroidea* by migrating from the upper and lateral rhombic lips, reminiscent of the migration observed in mice and mn16Et zebrafish; (iii) the *tela choroidea* coalesces forming the button-like structure (medial cluster or mCP epithelial cells) in the roof of the IVth ventricle; (iv) the capillary encircles the structure and invades its interior; (v) as the *tela choroidea* coalesces, the remaining cells of the lateral clusters develop an astroglial phenotype, and (vi) these cells later converge with the medial cluster due to a reduction of the ventricle and ventricular roof. Therefore, this analysis revealed contribution into the mCP from at least four different cell lineages---the primary medial cluster derived from a roof of IVth ventricle, the secondary cells of medial cluster derived from lateral rhombic lips, the endothelial cells of the invading vasculature, and astroglial cells of the rhombic lips. Based on morphological criteria, the former two lineages contribute to the epithelial and stromal components of the CP, and the latter two correspond to endothelial and astroglial components. To support and develop this idea further more experimental evidence will be required. Nevertheless, based on unpublished results of other zebrafish transgenics, it is clear that these highlight events somewhat different from those seen in mn16Et and Gateways. It is critical that these transgenic and other developmental markers of CP be characterized, as they will further delineate unique contributions of different cell populations into the CP.

Anterior roof plate: disappearing act or modifying morphogenesis?
=================================================================

The study of formation of the midline signaling structures in zebrafish transgenics revealed similar organization of the roof and floor plates along the spinal cord. During late neurulation, when the primitive lumen is reduced into a central canal, the roof plate is extended significantly along the dorsal-ventral axis, whereas floor plate is extended a little (Kondrychyn et al., [@B52]; Korzh, [@B31]). This organization reverses anteriorly, where starting from the myelencephalon level the floor plate progressively extends along the dorsal-ventral axis and the roof plate either is converted into other dorsal midline structures such as CP, or is significantly reduced as it happens at the level of mesencephalon (Korzh, [@B53], [@B31]). Several observations support this interpretation. First, none of several roof plate transgenics analyzed so far express a fluorescent marker in the roof plate only; other expression domains represent the neural crest derivatives, interneurons, CP (see Table [1](#T1){ref-type="table"}), i.e., structures derived from common progenitors (Papan and Campos-Ortega, [@B54]; Garcia-Lecea et al., [@B2]).

This raises an intriguing question: does the roof plate disappear partially and/or convert into other structures (CP or circumventricular organs)? Is this unique to bony fish? As mentioned above, there are several studies documenting the roof plate at the myelencephalon level in terrestrial vertebrates (Liem et al., [@B34]; Lee and Jessell, [@B33]; Lee et al., [@B32]; Millonig et al., [@B35]). Hence, the dorsal neural tube of bony fish may be evolutionary ancient and reminiscent of a common ancestor of vertebrates. And yet a presence of the most of circumventricular organs in zebrafish and terrestrial vertebrates (except those at the telencephalon level) makes this doubtful. One should not forget that current theories of formation of CP in bony fish and mammals still differ somewhat (Awatramani et al., [@B41]; Landsberg et al., [@B49]; Hunter and Dymecki, [@B43]; Korzh, [@B53], [@B31]; Garcia-Lecea et al., [@B2]). Perhaps, the roof plate development in terrestrial vertebrates could be studied *in vivo*, at some point, or with help from comparative genomics, and results of such studies will contribute toward solving this interesting evolutionary puzzle.

Since the CP occupies a position at the dorsal midline, it is reasonable to predict that it forms by early neural progenitors found in this place. The roof plate occupies the dorsal midline of spinal cord. This poses a question, does the roof plate occupy the dorsal midline of the fourth (myelencephalic) ventricle, or do these cells somewhat differ? Dorsal neuroepithelium of the spinal cord prior to conversion into the roof plate undergoes topological transformation without cell migration. As a result the cells polarized initially along the medial-lateral axis become polarized along dorsal-ventral axis and elongate (Kondrychyn et al., [@B52]). In contrast, cells of midline dorsal neuroepithelium at the myelencephalic level fail to undergo such transformation. Instead, they coalesce into a cluster representing the epithelial lineage of CP. In parallel, the lateral clusters develop as glial cells morphologically reminiscent of the roof plate, but their presence is limited by an extent of 2--3 rhombomeres proximal to the medial cluster. These will fuse later on with the medial cluster as the glial lineage of the same CP (Garcia-Lecea et al., [@B2]). Each of these clusters represents approximately one half of the myelencephalic roof plate progenitors. Hence one may speculate that a ventricle separates the roof plate progenitors into two lateral clusters, and that the ventricle formation drives morphogenetic transformation of the dorsal midline progenitors into CP.

Hence at least for now there is no reason to believe that at the level of brain ventricles the roof plate is maintained. This consideration is supported by analysis of the roof plate formation in other brain regions, for example, the mesencephalon. At this level one more cavity reminiscent of a ventricle forms early on in parallel with the myelencephalon (hindbrain, IVth) and diencephalon (IIIrd) *bona fide* ventricles. This transient cavity known as the opthocoele develops an equivalent of the Sylvius aqueduct connecting two ventricles. At this level the roof plate cells are not as elongated as those at the spinal cord level, but they do have morphological similarity to the spinal cord roof plate. So, it seems we may formulate a simple hypothesis: "The roof plate is present at the dorsal midline of the neural tube only in absence of ventricles. In presence of ventricles it is converted into other derivatives, such as CP, etc."

Does the roof plate contribute into any other midline derivatives? One of these is the subcommissural organ. It has been suggested that the subcommissural organ is derived from the neuroepithelial cells that line the lumen of the dorsal-caudal aspect of the diencephalon (Huh et al., [@B55]). In view of the fact that the subcommissural organ expresses several transgenes as the roof plate and/or CP, we suggest that this organ, located posterior and ventral to the epiphysis and, immediately below the posterior commissure, develops as the modified extension of the mesencephalic roof plate (Korzh, [@B31]).

Genes of the dorsal midline
===========================

At the molecular level, there are at least two differences that have been identified in development of the CP in mammals and teleosts. First, *Otx2* null mice fail to develop all four CP; however, in teleosts, *otx2* expression appears limited to the diencephalon (Li et al., [@B56]; Johansson et al., [@B24]) thus potentially restricting its effects on the dCP. Despite several morpholinos designed for knockdown of Otx2 and available zebrafish mutants, the CPs in Otx2-deficient animals have not been investigated further. Second, transthyretinin (*TTR*), a common marker of the CP in amniotes, is not expressed in the CP of amphibians and teleost fish (Power et al., [@B57]). Given that in these species high levels of *ttr* are produced by the liver, future studies will be required to determine whether liver-derived *ttr* can functionally substitute for CP-derived *ttr*.

There are many more similarities in expression of molecular markers in the CP. Clusterin is the cytoprotective secreted chaperone protein linked to protection of cells from oxidative stress, and its deficiency has been implicated in Alzheimer\'s, metabolic and cardiovascular diseases (Trougakos, [@B58]; Park et al., [@B59]). Despite being vertebrate-specific, when expressed in *Drosophila*, Clusterin increases resistance to heat-shock, wet starvation, oxidative stress and increases the lifespan of flies (Lee et al., [@B60]). During mouse development its expression is enriched in the CP and ependyma (Charnay et al., [@B61]), and in zebrafish, it is expressed in developing mCP (Jiao et al., [@B62]). Clusterin may represent the earliest CSF protein secreted by the CP that suppresses proteotoxic stress. Clusterin expression is regulated by Notch signaling (Jiao et al., [@B62]). The developmental roles of both Notch and Shh signaling are conserved between fish and mammals, and Notch is known to regulate CP development (Hunter and Dymecki, [@B43]; Bill et al., [@B1]; Garcia-Lecea et al., [@B2]; Nielsen and Dymecki, [@B63]).

There are also several areas that will require more research to determine the similarities and differences in developmental activity of evolutionary conserved genes. The CPIII fails to develop in the Gli3-deficient mouse embryos (Grove et al., [@B64]). In zebrafish Gli3 is broadly expressed in the dorsal neural tube (Tyurina et al., [@B65]); however functional studies of CP in the Gli3-deficient zebrafish have not been performed. Amongst genes expressed in the CP of both mice and zebrafish, there are several Msx genes (Nishikawa et al., [@B66]; Landsberg et al., [@B49]; Thisse and Thisse, [@B67]); however, systematic comparisons will need to be performed and their specific roles in CP development established. Lastly, Gdf7 marks the primordium of the CP epithelium in mice, and has been utilized by many studies to drive expression within the CPIV (Currle et al., [@B40]); however, *gdf7* expression and function have not been analyzed in zebrafish in sufficient detail. These studies will be critical to determine the level of evolutionary conservation of developmental mechanisms of the CP and fill in a gap in this knowledge using molecular tools already available.

Translation of teleost findings to the mammalian systems could also be highly informative. The transposon-mediated enhancer-trap study identified several cell populations that contribute to the formation of the CP, and the insertion sites mapped identified the mCP-associated genes. In particular, the Gateway (sqet33e20Et) transgene has been mapped into a region containing *csrnp1a* (*axud1*), *sulf1*, and *slc5a1* (Garcia-Lecea et al., [@B2]). Transposon insertions of two other transgenic lines with expression in the CP (sqgw42aEt and sqgw45cEt) were mapped into the same genomic area supporting a role for one of these genes in the CP development or function. *csrnp1*, whose expression is controlled by Shh and PDGF, was proposed to be involved in regulating cell migration. It is essential for the development of neural-crest-derived cephalic structures (Schmahl et al., [@B69]; Feijoo et al., [@B68]). *slc5a1* (*sglt1*) has been studied for its role in glucose re-absorption in kidney and intestine (Gorboulev et al., [@B70]). Given that the functionally related glucose transporter 1 (GLUT1) is expressed in the CP of mammals, as well as that of bony and cartilaginous fish, this would make *slc5a1*, which encodes the sodium/glucose co-transporter rather interesting to investigate further despite the fact that its expression pattern might preclude a localized function (Farrell and Pardridge, [@B72]; Farrell et al., [@B73]; Planas et al., [@B75]; Jensen et al., [@B74]; Balmaceda-Aguilera et al., [@B71]). *sulf1* is expressed in the developing CP of mice (Ohto et al., [@B77]; Kalus et al., [@B76]; Ratzka et al., [@B78]), where its deficiency causes only minor defects or no defects in development of the CP probably due to functional redundancy with other Sulf genes (Holst et al., [@B79]; Kalus et al., [@B76]). Its orthologue in zebrafish is also expressed in the CP along with two other related genes---*sulf2* and *sulf2a* (Gorsi et al., [@B80]). Since *sulf1* has been linked to formation of the BBB, it is probably the best candidate gene, which expression is mimicked in the Gateways. Coincidentantly, the posttranslational modification of components of the extracellular matrix by sulfation plays an important role in regulation of cellular signaling (FGF, Hh, and Wnt) and mutations affecting components of sulfation machinery and its substrates are known to cause a variety of developmental defects linked to deficient cell signaling (Luders et al., [@B81]).

Lastly, several of the genes, specifically those that mediate the tight junctions between the CP epithelial cells are conserved across multiple phyla. These are not specific to the CP alone, but are a consistent feature between blood-CSF barrier, which is mediated at the level of epithelial cells of the CP (Dziegielewska et al., [@B82]); and BBB, which in all vertebrates is mediated at the level of endothelial cells of brain microvessels except sharks and rays, where it is at the level of astrocytes (Abbott et al., [@B83]; Bundgaard and Abbott, [@B84]). In the blood-CSF barrier the tight junction (or *zonula occludens*, ZO) is located in apical regions between adjacent epithelial cells, and filters the blood-to-CSF passage of hydrophilic molecules and ions (Johanson, [@B3]). Tight junctions are dynamic multimolecular complexes of membrane-associated proteins active in intracellular signaling, which include ZO proteins and claudins and a number of other proteins (Luissint et al., [@B85]). In the zebrafish there are three maternally-expressed genes encoding ZO proteins, so the ZO proteins are available from the very beginning of development (Kiener et al., [@B86]). Claudin 5a is also expressed in the brain during a period prior to and during CP formation (Zhang et al., [@B87]). Although a systematic analysis of genes expressed in the CP epithelia in evolutionary perspective is still in its infancy, there is a progress in this area. Hence, we will know to which extent the CP epithelium is conserved in evolution rather soon.

Development of the CP vasculature
=================================

The vasculature of the human CPIV is supplied by branches that originate primarily from the posterior inferior cerebellar artery, and to a lesser extent the anterior inferior cerebellar artery (mostly in the anterior CP portion closest to the foramen of Lushka). In rare cases, branches of the superior cerebellar, the basilar artery, or other arteries extend branches to supply the CP (Sharifi et al., [@B88]). Once inside the CP the vessels become highly branched and interconnected providing a vast network. The vessels are unique from other brain regions in that they lack the endothelial barrier protein and astrocytic processes in the basement membrane (Bouchaud et al., [@B90]; Rosenstein et al., [@B89]), and contain 60--80 nm transcellular pores or fenestrations, allowing for the exit of substrates into the stroma (Strazielle and Ghersi-Egea, [@B91]; Stan et al., [@B92]). The fenestrations are covered by diaphragms that have tufts of heparan sulfate proteoglycans extending into the lumen suggesting a role in selective permeability (Stan et al., [@B92]). The dilation of these vessels is mediated by pericytes, innervating nerves, and interepithelial pressure sensors (Mortazavi et al., [@B93]), and has a direct effect on the composition of the CSF; therefore, they are highly regulated in response to CSF conditions independent of the physiological blood pressure (Scala et al., [@B94]). A specialized basement membrane, critical for serum filtering, is secreted by the vasculature very similar to that secreted by the fenestrated vasculature of the kidney (Johanson et al., [@B7]).

Development of the mammalian CP vasculature
===========================================

In human, the posterior inferior cerebellar artery and anterior inferior cerebellar artery begin sprouting at 44 and 40 days, respectively, and the posterior inferior cerebellar artery terminates in the CP at 52 days. Its arrival is concurrent with that of the first epithelial cells suggesting that signaling from the roof plate is critical for angiogenesis (Macchi et al., [@B95]). Development of the posterior inferior cerebellar artery is highly variable, with a variety of origins and paths consistent with a model in which hypoxia induces angiogenic factors, for example VEGF, and consequently angiogenic sprouting induced (Macchi et al., [@B95]; Yang et al., [@B96]). Angiogenic sprouting has been described in detail for the CP vasculature in other organisms as well. Strong described the process in 14-day rabbit embryos observing a reorganization of vessels occurring, with the pontobulbar artery running into the area that develops as the *tela choroidea* (Strong, [@B6]). Over the next few days the vasculature continues to develop, and anastomose being drawn into each progressive epithelial invagination (Strong, [@B6]). A second more rapid angiogenic process, called splitting angiogenesis or intussusceptive angiogenesis, is involved in the enumeration of vessels within the invaginations. This process was inferred from the identification of pillar structures bisecting larger vessels of the CP by electron microscopy (Scala et al., [@B94]). This developmental process has been primarily described in other tissues; however, it could be extrapolated to the CP vasculature. Intussusceptive angiogenesis describes three separate processes for vascular enumeration: microvascular growth, arborization, and remodeling (Makanya et al., [@B97]).

The zebrafish is one of the premiere animal models for studying vascular development due to its ability to develop without a functioning circulatory system or blood (Stainier, [@B98]), and large number of transgenics that label the vasculature (Lawson and Weinstein, [@B101]; Jin et al., [@B99], [@B100]; Rehn et al., [@B102]; Trinh le et al., [@B104]; Zhou et al., [@B105]; Sacilotto et al., [@B103]). Unfortunately, the vasculature structure of the adult mCP has not been characterized as it has been in mammals. This is primarily due to an emphasis within the zebrafish community on early developmental processes, thus mCP characterization has been limited to the first 6 days post fertilization (dpf). Angiogenic sprouting occurs from the middle cerebral vessel at 48 hpf creating the dorsal longitudinal vein. The dorsal longitudinal vein extends along the dorsal midline turning at \~50 hpf to fuse with either left or right posterior cerebral vein (Bill et al., [@B1]; Lenard et al., [@B106]). The tip cells of the dorsal longitudinal vein and posterior cerebral vein initiate this junction, subsequently rearranging, and splitting to produce a multicellular lumen (Lenard et al., [@B106]). Consistent with events in the mammalian CPIV, the angiogenic sprout arrival occurs simultaneous to the migration of the epithelial field suggesting that the roof plate organizer is required to attract both sets of cells to their final localization. A secondary branch forms off of the main dorsal longitudinal vein branch and then fuses with the opposing posterior cerebral vein, and a third branch forms to connect the left and right posterior cerebral veins. We named this connecting vessel the trans-choroid plexus branch as it crosses near the posterior margin of mCP (Bill et al., [@B1]). Further branching between the dorsal longitudinal vein, posterior cerebral vein, and trans-choroid plexus branch are observed by 5 dpf internal to the mCP region defined by transgenic lines that label the mCP epithelia. The resulting structure is highly fragile and prone to hemorrhage (Bill, [@B107]) much like the mammalian CP (Scott and Bergevin, [@B108]). Given this fragility, it is not surprising, that the CP vasculature is constantly being repaired utilizing bone marrow-derived endothelial progenitors (Zhang et al., [@B109]). Unfortunately, processes such as invagination of the mCP, intussusceptive angiogenesis, and the integration of bone marrow-derived endothelial progenitors have not been studied in zebrafish. One striking difference is that the zebrafish appears to have a relatively invariant growth profile, while the vascular growth in humans is much more variable. There are two potential reasons for its invariant nature in the zebrafish. The first is that the corresponding period of zebrafish developmental program is much more rapid than that in human (2 h vs. 8 days). The increased developmental window could allow for competing attractive and repulsive angiogenic factors time to alter the trajectory of the main vessel. A second hypothesis could be related to the levels of oxygen that are driving vascular development. We know that the zebrafish are able to survive for up to 7 dpf without a functioning circulatory system, due to the permeability of the embryo to oxygen; therefore, hypoxic conditions within the developing brain would be much more common during human development. This would lead to involvement of competing angiogenic factors as other brain regions would attempt to obtain oxygen, and thus development would take a much more tortuous path.

At the molecular level sprouting angiogenesis, intussusceptive angiogenesis, and development of fenestrations are controlled by interactions between the VEGF, NOTCH, and SHH signaling pathways (Kamba et al., [@B110]; Nielsen and Dymecki, [@B63]; Yang et al., [@B96]; Dimova et al., [@B111]). The CP epithelial cells continuously secrete VEGF at high levels even in adults suggesting multiple roles for VEGF in vascular development (Esser et al., [@B112]), while the endothelial cells express the VEGF receptors. While these processes have been investigated extensively in the tail of the zebrafish, work on the cranial vasculature has lagged behind, and very little is known about the genes required for the dorsal longitudinal vein attraction to the mCP, branching, and production of the fenestrated vessels. Part of the problem is a general role of some of these pathways (Notch and Shh) in morphogenesis of the CP (Garcia-Lecea et al., [@B2]). In the future, extension of the developmental and molecular studies of the mCP vasculature will be required to determine the extent of conservation.

Development of the CP stroma
============================

The stroma lies between the vascular basement membrane and the epithelial basement membrane. It contains a wide variety of cells including: fibroblasts, telocytes, stem cells, dendritic cells, leukocytes, macrophages, kolmer cells (a specialized monocyte, also called epiplexus cells), and in some cases T-cells (Strazielle and Ghersi-Egea, [@B91]; Nataf et al., [@B113]; Popescu et al., [@B114]). The stroma is hypothesized to function as a stem cell niche with the nestin-positive fibroblasts and telocytes supporting myeloid progenitors and neural stem cells, respectively (Nataf et al., [@B113]; Popescu et al., [@B114]).

The stroma develops from invagination of the mesenchyme that lies dorsal to the hindbrain roof plate epithelium, and progressively transitions to being composed of high levels of connective tissues with low density of mesenchymal cells (Shuangshoti and Netsky, [@B115]). Little is known about the development of this region; however, there are indications that the stromal composition may be highly dynamic and change during development, and in response to immunologic insult. For example, it is hypothesized that the fibroblast niche provides different developmental signals during development than during adulthood based on the progeny of the myeloid progenitors; embryonic-derived progenitors produce dendritic cells, while adult-derived progenitors produce macrophages (Nataf et al., [@B113]). Another difference is that kolmer cells are only present in the adult CP (Strazielle and Ghersi-Egea, [@B91]). Given the immunologic complexity of the stroma, much of the cell diversity is driven by immunologic insult, or CNS injury (Mitchell et al., [@B117]; Wojcik et al., [@B119]; Hasegawa-Ishii et al., [@B116]; Shechter et al., [@B118]; Szmydynger-Chodobska et al., [@B120]). Previous analysis in zebrafish failed to demonstrate presence of unlabelled cells in the mCP of transgenics suggesting that all cell lineages except vasculature derive from GFP-positive cells (Garcia-Lecea et al., [@B2]). This raises a criticism regarding contribution of mesenchymal cells into the mCP of this species; however, as mentioned all analyses on zebrafish have focused on early development opening the possibility that the mesenchymal-derived cells enter at later developmental time points. New *in vitro* systems and transgenics in combination with high-resolution bioimaging may lead to a much better definition of this portion of the mCP.

Conclusions {#s1}
===========

The CP has been a popular organ system to investigate in a variety of vertebrates including fish, lizards, amphibians, birds, and mammals; however, the number of systematic studies that look at a single feature of the CP across the phyla have been very few, and primarily restricted to the CP epithelia. Given the CP\'s importance in a variety of physiologic brain functions and pathologies, we suggest a need for these types of studies, as they provide valuable insights into understanding CP development and function. In this review, we have tried to highlight how several studies in the zebrafish have expanded our knowledge of CP development in general, and shed light on several aspects that remain not fully understood, including developmental fate of the medial group of hindbrain roof cells. Based on comparisons of fish and mice, we observe that the CP derives from cells that share their origin with the roof plate and neural crest, and its development is driven by the evolutionary conserved molecular determinants. Indeed, this is a renaissance in CP research, and there are many questions that are yet to be answered. For example, what are the tropic factors that are secreted from the dorsal organizing center to attract the vasculature and epithelia cells to their final location? What are the molecular differences that exist within the CP, as cells can be derived from either the roof plate or neural crest? What is the molecular identity of the stem cell niche? And lastly, to what extent are features of the CP conserved? Given an abundance of modern developmental tools (transgenics and cell transplantation), and genomic technologies (single cell transcriptome and genome engineering), we are poised to answer these questions, and feel that they can be answered soon.
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